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1. Introduction 
 

Kathu Pan (KP) is an archaeologically important 

site located in the Northern Cape Province of 

South Africa (Fig.1). The surficial geology of the 

site is characterized by arid karstic geology, 

overlain by fine sands and silt (Lukich, Cowling, 

& Chazan, 2020; Lukich, Porat, Faershtein, 

Cowling, & Chazan, 2019). Iron mining activity 

in close proximity to KP has lowered groundwater 

levels leading to the formation of sinkholes, and 

revealing archaeologically significant stone tools 

from the Middle to Late Stone Age concentrated 

within specific subsurface layers (Lukich et al., 

2019; Vermaak, 2010). 

Geophysical methods are often used to 

help image and clarify the subsurface environment 

without the need to excavate. Seismic refraction 

(SR) surveys are a type of non-invasive 

geophysical survey method that is not commonly 

used in near-surface archaeological explorations 

(Polymenakos, 2017). SR is able to determine the 

depths and material identity of subsurface bed 

layers based on the measured travel times of the 

waves that propagate through them. It is rarely 

employed in archaeological investigations because 

the spatial resolution of SR surveys is not high 

enough to discern important structures 

(Polymenakos, 2017). However, it can be useful if 

the spatial scale of the target is great enough and 

the material context of the site is appropriate 

(Polymenakos, 2017). In this study, I test the 

hypothesis that seismic refraction can be used to image 

and describe the extent of known subsurface geologic 

layers, which can be used to guide future conservation 

efforts of archaeology teams at KP. 

 

2. Methods 
 

At KP there are several excavation profiles associated 

with sinkholes on the site. I collected the seismic data 

over six days during the June 2019 field season. The 

seismic arrays consisted of 24, 10 Hz geophones, with a 

survey length of up to 48 m. The seismic wave source 

was limited to striking a small stainless-steel bracket 

with a 4.5 kg hammer in order to limit potential damage 

to the site. I constructed seismic profiles across the 

archaeological excavation sites within KP that extend 

beyond the perimeter of these sites in order to elucidate 

the subsurface geological environment surrounding the 

archaeological profiles.  

I processed these data as well as seismic data 

collected by Professor Charly Bank’s team during the 

2014 field season using computational code for 

MATLAB to determine the travel times for the seismic 

waves and generate a plot for the travel time (s) versus 

distance (m). I then use seismic tomography, which is 

an imaging technique that creates a model of the 

subsurface environment based on detected changes in 

the wave caused by variations in the sediment rigidity 
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Figure 1 (Left) The location of the Kathu Pan site in relation to the town of Kathu and the iron mine. (Right) The general locations of excavation 

sites (KP1, KP6, and KP9) at Kathu Pan. 
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and layer thickness. I ran the inversion model until 

convergence to a Root Mean Square Error (RMSE) 

which indicates a decrease in the difference 

between the predicted and observed values (Fanos, 

Tahir, Mohammed, & Mahmood, 2018). I compare 

the results of the travel time analyses and the 

tomography to the detailed sediment profiles 

previously constructed by archaeological teams in 

order to confirm the location and general sediment 

composition of the identified layers. 

 

3. Results 

 
The results for all profiles indicate a high-velocity layer 

that exists at a depth of approximately 3-5 m, overlain 

by lower velocity layers. The results are not corrected 

 

 

 

Figure 2 (Left) Travel-time curves comparing the observed data to the predicted data which are used to generate the inversion results 

(Right). The inversion results show the lower velocity measurements as red and the higher velocity sediments as dark blue. 
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for topography so the curvature observed for the 

high-velocity layer in the KP 6 and 9 profiles may 

be less pronounced. The thickness of the low-

velocity sediment layer at KP 1 is about 2-2.5 m 

and for KP 6 and 9 about 3-5 m.    

 

4. Discussion 
 

The sediment profile described by archaeologists 

for the KP 6 site indicates that their lowest bed, Bed 

12, has a high concentration of lithics and a very 

hard texture (Lukich et al. 2019).  That profile 

extends down to a depth of 3.3 m, which roughly 

correlates to the top of the high-velocity layer as 

seen in the KP 6 inversion profile of Figure 2. This 

high-velocity layer is in roughly the same position 

for the seismic data near the other profiles. 

However, further excavations of the sediment 

profiles at KP 1 and 9 would be necessary to 

confirm the identity of this layer.  

 The identification of the high-velocity 

layer can serve as a guide for the depth of the 

hardened lithic-rich layer. This would guide the 

future conservation efforts of archaeology teams by 

targeting their efforts to this layer.  

 The modelling for the shallower, lower-

velocity layers is less conclusive. This is likely as 

a result of the smaller velocity contrast between 

these sediment layers. A key limitation of SR 

surveys is that the velocity contrast between layers 

must be significant enough to model them as 

separate layers. This result is unsurprising given 

the general fine and loose surface sediment 

characteristics of this site.  
 

 

5.  Concluding remarks 
 

In this study, I show that SR methods can be used 

in archaeological investigations in scenarios 

where the material properties of the target are 

appropriate. A key purpose of this study is to 

inform future conservation efforts at this site. As a 

follow-up study, the sedimentary profiles of KP 1 

and 9 should be extended to confirm the 

stratigraphy seen in the seismic models. 

Future application of non-invasive 

geophysical and geological techniques will aid 

archaeological research at a site that is at risk of 

being lost to sinkhole formation, residential 

development, and industrial activity as part of a 

larger conservation effort to preserve artifacts that 

contribute to our understanding of human 

evolution. In the greater context, this work will 

help to 

improve the understanding of sinkhole development as 

it relates to the planning of future archaeological 

studies in sites similarly impacted by changing 

environments. 
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1. Introduction 
 

Meteorites are described as fragments of foreign 

planetesimals and planets that travel through 

space and survive frictional heating, surface 

melting, and evaporation upon entering the 

Earth’s atmosphere (Bischoff, 2001). These 

extraterrestrial fragments preserve and record the 

chemistry of the solar system and provide a 

window into the initial conditions of the solar 

nebula.  

 

Meteorites that have not undergone significant 

melting or differentiation are known as chondrites 

(Weisberg et al., 2006). Chondrites preserve many 

of their original textures and contain components 

that date back to the inception of the solar nebula 

(Weisberg et al., 2006). These pristine meteorites 

are excellent indicators to the geological processes 

that occurred within the Sun’s protoplanetary 

disk.   

 

Carbonaceous chondrites are the most chemically 

pristine solids contained within the solar system. 

They demonstrate primitive chemical 

compositions that closely match the composition 

of the Sun’s photosphere (Scott et al., 2007). They 

are categorized from other chondrites based on 

their abundance of refractory inclusions such as 

calcium-aluminum inclusions (CAIs) and 

amoeboid olivine aggregates (AOAs) (Weisberg 

et al., 2006). These refractory inclusions represent 

the oldest components of the solar system 

excluding pre-solar grains. Other important 

components include chondrules which are 

spherical nodules of silicate minerals, sulfide 

minerals, and Fe-Ni metal (Scott et al., 2007). 

 

This project aims to correctly categorize and 

describe the unidentified carbonaceous chondrite 

M58731 so it might be submitted to The 

Meteoritical Society for official recognition.  

 

2. Methods 
 

In order to understand the chemical and 

mineralogical parameters of unidentified 

carbonaceous chondrite M58731 both qualitative 

and quantitative analysis were conducted upon a 

singular thin section in this investigation.   

 

2.1 Electron Probe Micro-Analyzer (EPMA)  

 

Representative elemental abundances of chondrule 

olivine and pyroxenes were obtained by use of a JEOL 

JXA8230 5-WDS Electron Probe Micro-Analyzer 

(EPMA) at the University of Toronto. Wavelength 

dispersive spectrometry (WDS) was used to analyze 

the distribution and abundances of Cr, Fe, Na, Mg, Si, 

Al, V, Ni, Mn, K, Ca, and Ti.  Backscattered electron 

(BSE) images were collected along with X-ray 

elemental maps. Elemental maps of Al, Ca, Cr, Fe, K, 

Mg, Na, Ni, O, P, S, and Si were created to display the 

representative distribution of elements within M58731. 

The instrument was operated at a 15 kV accelerating 

voltage, emission current of 29.8 uA, and a probe 

current of 1.99E-9 A.  

 

2.2 Petrography 

 

An Olympus BX53M microscope situated at the Royal 

Ontario Museum (ROM) was used to examine M58731 

under thin section. The corresponding Olympus Stream 

Motion 2.1 software was utilized for obtaining 

representative photos of this sample’s characteristics. 

Observations were conducted in plane (PL), polarized 

(XPL), and reflected light (RL) under x10, x40, and 

x100 magnification.  

 

2.3 Raman Spectroscopy 

 

A Horiba LabRAM Aramis micro-Raman spectrometer 

located at the ROM was utilized to examine and 

identify textural phases. A 50 mW 532 nm laser was 

used to take 6 spectra per point over 6 seconds with no 

filter. Spectra was cross-referenced with the software 

Crystal Sleuth in order to identify potential 

mineralogy. Raman Spectroscopy is a non-destructive 

scattering technique probing the vibrational modes of 

molecules and crystals. Raman signatures provide 

information about the chemical nature and the 

crystalline structure of samples.  

 

3. Results 
 

3.1 EPMA  

Olivine is the dominant mineral of M58731 with an 

70% modal proportion among chondrules. Chondrule 

olivine is relatively homogenous in composition. The 

resultant fayalite number (Fa #) yielded an average 

value of 4.37 from a collection of olivine grains (n=32) 
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Figure 2: BSE imagery of a porphyritic olivine (PO) chondrule. It is 

apparent around the peripheral of the chondrule that there is 

evidence of significant igneous rimming. 

Figure 1: Pyroxene ternary diagram displaying the plotted 

EPMA data of chondrule pyroxene divided into low- and 

high-calcium pyroxene series. M58731 chondrule pyroxene is 

composed principally of enstatite and diopside compositions. 

Figure 3: Fe elemental map of M58731.  The matrix of M58731 is 

significantly enriched in iron. Chondrules and accessory components 

are notably depleted. 

subject to electron micro-probe analysis. Olivine 

grains contained within M58173 consist almost 

exclusively of magnesium-rich forsterite.  

Pyroxene accounts for 30% modal proportions 

among chondrules within M58173. It is 

compositionally heterogenous and varies between 

low-Ca and high-Ca varieties. Amongst the low-

Ca selection (n=12) the average ferrosillite (Fs #), 

enstatite (En #), and wollanstanite (Wo #) 

numbers are 1.52, 96.83, and 1.65 respectively. 

From the high-Ca selection of pyroxenes (n = 12) 

the average ferrosillite (Fs #), enstatite (En #), and 

wollanstanite (Wo #) are 0.50, 43.49, and 56.01. 

Between low-Ca pyroxenes and high-Ca 

pyroxenes, they are especially iron deficient. It 

can be concluded that the pyroxene grains in 

M58173 are consistently magnesium-rich with a 

significant proportion of calcium-enrichment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Petrography 

 

M58731 contains a proportion of 

approximately 35% chondrules that range from 

0.27 mm to 1.96 mm in diameter with an average 

diameter of 0.75 mm.  Chondrules are sharply 

delineated and easily observable. They are 

primarily 60% modal porphyritic olivine (PO) 

with 30% modal porphyritic olivine pyroxene 

(POP). Lesser amounts of non-porphyritic 

chondrules such as glassy, barred olivine (BO) 

and cryptocrystalline (C) chondrules occur in 

modal proportion of 10%. Igneous rims are also 

apparent around many of the chondrules. 

Amongst chondrule mineralogy, modal proportions 

equate to 70% olivine, 25% pyroxene, and 5% Fe-Ni 

metal and sulfide phases that occur as inclusions.   

M58173 contains an extensive black opaque matrix 

that consists 40% of this sample. The matrix displays 

weak recrystallization; sparse grains are observable 

within the dark matrix.  Evidence of broken chondrule 

fragments and isolated mineral grains such silicate, 

sulfide is also present. Elemental mapping indicates an 

iron rich matrix. BDS imagery indicates a degree of 

recrystallization with interstitial olivine, sulfide, and 

minute amounts of feldspar. 

Refractory inclusions are prevalent in M58173 and 

occur in modal proportions of 15%. CAIs are present 

as amorphous fine-grained aggregates that range in 

diameter from 0.23 mm to 3.86 mm with an average 

diameter of 1.2 mm. CAIs consist of cryptocrystalline 

to microcrystalline grains and that show notable 
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Figure 2: Troilite phenocrysts in fine-grained matrix. 

Representative photo taken in reflected light.  

abundances of aluminum, calcium, magnesium, 

and sodium. Fine-grained dusty rims border 

microcrystalline mineral assemblages within 

many CAIs. CAIs are petrographically consistent 

with being Type A CAI.   

 

Olivine ameboid aggregates are present within 

M58713 as large aggregates of coinciding olivine 

and opaque phases with minor pyroxene. AOAs 

are 2.4 mm at maximum extent. They are 

generally magnesium-rich and iron-deficient. 

Opaque inclusions are primarily iron-rich 

sulphides that show minor nickel enrichment. 

Large-scale sulfide rimming of a singular AOA is 

evident with subsequent minor rims around other 

AOAs.  

 

M58173 contains minor amounts of 

accessory phases such as Fe-Ni metal and sulfide 

phases. These constituents are present in modal 

proportions of 5%. They occur primarily as 

inclusions within chondrules and AOAs but also 

occur disseminated within the matrix. Two sulfide 

phenocrysts are observable within the matrix and 

sulfide rims are present around chondrules and 

AOAs. Sulfide assemblages are troilite.  

 

Weathering is prevalent throughout the matrix. 

About 30-40% appears to be oxidized indicated 

by light grey matrix and chondrule material. 

Chondrule olivine in M58731 displays an absence 

of any shock indicators. Grains display sharp 

optical extinction in polarized light and olivine 

displays irregular fractures. Extremely weak 

undulatory extinction is observed in a sparse few 

olivine crystal. 

 

 

 

 

4. Discussion 

 
4.1 CV Classification 

 

M58731 fits the parameters of a CV chondrite. CV 

chondrites are defined by large ≈ 1 mm chondrules, 

45% chondrule abundance, 40% matrix, 10% 

refractory inclusions, and 0-5% metal (Weisberg et al., 

2006). This classification is rather subjective and is 

prone to variation between authors. M58731 contains 

approximately 35% chondrules, 40% matrix, 15% 

refractory inclusions, and 10% sulfides and metal.  
 

4.2 Petrologic Grade 

 
The lack of observable nucleation within the 

matrix indicates that temperatures high enough to 

promote significant recrystallization were not reached 

within the parent body. Additionally, the lack of any 

hydrous mineral phases indicate that this sample was 

not subject to hydrous alteration. Thus, it can be 

concluded that this sample experienced little to no 

thermal or aqueous alteration. This lack of 

metamorphism indicates a petrological grade of 3.  

 

4.3 Shock Grade  

 

Shock metamorphism is evaluated based on the effects 

observed in plagioclase and olivine grains within 

carbonaceous chondrites (Scott et al., 1991).  A shock 

classification of S1 is assigned to M58173 considering 

its display of sharp extinction angles and irregular 

fractures among olivine grains. Trace amounts of 

olivine grains display extremely weak undulose 

extinction which may indicate that some components 

may have been shocked before the meteorite was 

assembled (Day et al., 1991). Despite this, most grains 

display sharp extinctions.  Due to the lack of 

significant shock criteria, an S1 classification confines 

the shock pressure limit to ≤ 5 GPa. The lack of a 

petrofabric within the thin section supports this 

classification. The relationship between the level of 

shock metamorphism and petrofabric details that 

chondrules are elongated in the plane of the shock front 

as they were squeezed into the pores (Day et al., 1991).   

The lack of this fabric is indicative that shock pressures 

of 5 – 10 GPa are needed to remove these pore spaces.  

Round chondrules usually plot within the S1 category. 

(Day et al., 1991).   

 

4.4 Weathering Grade  
 

Considering that approximately 30-40% of metal 

appears to have been affected by oxidation, the 

weathering rank for M58731 is a W2. A W2 rank is 
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characteristic of 20-60 vol% metal affected by 

oxidation and common veining of Fe oxides.  

 

4.5 Chondrule Composition  

 

Type 1 chondrules are characterized by FeO-poor 

olivine and pyroxenes (Lauretta et al., 2006). 

Chondrule olivine compositions of M58731 is 

exclusively low-FeO olivine and fits this type 1 

chondrule categorization. Type 1 FeO poor 

chondrules are characteristic of reduced settings. 

(Grossman et al., year). The dominance of 

porphyritic chondrules over other chondrule types 

and the abundance of type I chondrules compared 

to type II chondrules are also consistent with CV 

chondrites (Davidson et al. 2014).  
 

5. Conclusion 

 
Amongst the classifying scheme for meteorites, 

M58731 is CV3 meteorite. Little to no shock 

metamorphism categorizes warrants a shock 

classification of S1, and significant oxidation of 

existing metal in M58731 categorizes it with a W2 

rating.  This information will be submitted to  
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1. Introduction

The purpose of this study is to compare the 
performance of GPR (ground-penetrating radar) in 
different waterbody with various environments. I 
started the project of mapping the bathymetric of 
Crawford Lake, Ontario with GPR. However, we 
were not able to collect useful data. I analyzed the 
failure reason for this survey by comparing lake 
conditions with Ogilvie Lake and Kettle Lake, 
where GPR had a better performance. All three 
lakes are in Ontario with a similar size but 
different formation history and lake conditions. 
Crawford Lake is located near Milton, Ontario. It 
is at the edge of the Niagara Escarpment, which is 
capped by dolostone. The lake was formed with 
the erosion of dolostone during the retreat of the 
Wisconsinan glacier. It has a dimension of 
approximately   250m x 150m and a maximum 
depth of 22.5m. The combination of the small 
surface area and relatively great depth allows 
Crawford Lake to be meromictic and to preserve 
varved sediments with annual layers (Boyko-
Diakonow 1979). We chose Crawford Lake as our 
primary research project due to its significance on 
preserving paleo-records. Kettle Lake is located 
near Deep River, Ontario. It was formed by the 
retreating of the Laurentide Ice Sheet (Shirokova 
and Ferris 2013). It has a size of 230m x 210m 
with a maximum depth of 18m. There sometimes 
exist thermal stratification of lake layers within 
the kettle lake, due to the temperature change 
through seasons. Ogilvie Lake is a man-made lake 
also located near Deep River, Ontario. It is 250m 
x 100m in size and has a maximum depth of 3m. 
It has a constant recharge from the south end and 
an outflow at the north end.

GPR (Ground Penetrating Radar) is a 
geophysical tool widely used for investigating 
subsurface. GPR survey has been used extensively 
in archaeological and environmental surveys. 
However, GPR surveys have been conducted 
mostly on land, although in theory they are also 
suitable for working on freshwater lakes. In this 
study. In this study, I try to find a link between 
physical properties of the lake, such as 
conductivities, temperature, PH, and the 
performance of GPR on the lake.

The commonly used method for 
bathymetric mapping on lakes is sonar. However, 
compared to sonar, GPR is smaller and more 

portable. By investigating the efficiency of GPR in 
different lake conditions, we offer the evaluation of an 
alternative bathymetric mapping tool in suitable 
conditions.

2. Methods

GPR (ground-penetrating radar) sends pulses of high-
frequency electromagnetic waves into the subsurface. 
When the wave goes through boundaries with a sudden 
change of electromagnetic conductivity, it undergoes 
reflection due to a change in velocity. The sensor 
receives the energy reflected and measures the two-
way travel time (Milsom and Eriksen 2011).

We conducted a GPR survey using an antenna 
and a GSSI-SIR 3000 console. For Crawford Lake, we 
used both 200MHz and 100MHz antenna. For Kettle 
lake, we used 200MHz antenna. Due to the shallow 
depth of Ogilvie lake, 400MHz antenna was used. For 
all three lakes, we placed the GPR inside a non-
metallic boat, recording GPR data and GPS location 
along the predetermined survey lines.

We used GPRPy for data processing. Data 
collected generated a distance versus two-way travel 
time graph. With the dielectric constant 80.4 for 
freshwater, we were able to generate distance versus 
depth graphs, on which we can determine the depth of 
the water-sediment boundary along the survey line. 
Fig. 1 gives an example of the processing steps for a 
survey from Ogilvie Lake.

a

Fig. 1a. Raw radargram from Ogilvie Lake. 1b. 
Interpreted data for the same radargram. The blue line 

Evaluating Efficiency of Ground-penetrating Radar on Waterbodies
Yufei Chen
Department of Earth Sciences, University of Toronto March 2020

b
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indicates the water-sediment boundary; the yellow 
line indicates muddy-sandy sediment boundary.

3. Results

We conducted data processing for all the profiles 
collected. Fig. 2 shows examples of profiles from 
Kettle Lake, Ogilvie Lake and Crawford Lake. 
Radargrams of Kettle Lake and Ogilvie Lake 
show a clear boundary between water and lake 
bottom sediments. However, radargrams of 
Crawford Lake did not provide information for 
the water depth. By combining radargrams with 
the GPS data for the survey path, bathymetric 
maps for Kettle Lake and Ogilvie Lake were 
computed (Fig. 3). 

Fig. 2. 2a. Radargram from Kettle Lake with the 
blue line highlighting water-sediment boundary; 
2b. Radargram from Ogilvie Lake with the blue 
line highlighting water-sediment boundary and 
yellow line highlighting muddy/sandy sediment 
boundary; 2c. Radargram from Crawford Lake, 
showing the part of strong reflections when 
surveying above shallow water(20-30cm) with 
rocks beneath.

Fig 3. 3a. Bathymetric map of Kettle Lake (Wang and 
Bank 2016). 3b. Bathymetric map of Ogilvie Lake 
(Sears, Ferris and Bank 2015).

Comparing the physical features of the three 
lakes, while all three lakes have similar PH, water 
temperatures, Crawford Lake has a much higher 
average conductivity than the other two lakes (Fig. 4b). 
Crawford Lake also displays large variation of 
conductivity along the depth profile (Fig. 4a).

a

b

c

a

b
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Fig 4. 4a. A conductivity profile of Crawford Lake 
from a sampling in Sep 2019. 4b. Conductivity 
comparison of Kettle Lake, Ogilvie Lake and 
Crawford Lake.

4. Discussion

Although Kettle Lake and Ogilvie Lake have 
similar size, they have very different depth and 
formation history. GPR was proved to be suitable 
for bathymetric surveys on both lakes. This could 
indicate that GPR is suitable for small freshwater 
body bathymetric mapping. Based on our survey 
and the multiple paper that conducted GPR 
bathymetric survey successfully, a conductivity 
below 150uS/cm could ensure a good 
performance of the GPR. When a small freshwater 
lake meets this condition, GPR can be used 
instead of sonar for the bathymetric survey, with 
the advantage of being small and portable.

A possible further research could be to 
build a correlation between conductivity of water 
and the imaging depth by testing in different 
environments. This information could better our 
understanding of how and to what extent water 
conductivity is affecting the GPR bathymetric 
mapping.

On the other hand, the reason for the high 
conductivity of Crawford Lake is yet to be 
determined. Further research is also needed.

5. Conclusion Remarks

Ground-penetrating radar demonstrates good 
performance on deep or shallow small freshwater 
bodies with a low conductivity (<150uS/cm). It could 
be a more portable alternative of sonar for bathymetric 
mapping when the lake condition is suitable. Building 
a correlation between water conductivity and GPR 
performance could be the next step of the research.
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1. Introduction 
 

Glaciation events shape regional geology and have 

an impact on modern environments in ways that 

aren’t fully understood yet. Recently deglaciated 

terrains show a long-term pattern of change, 

especially in aquatic ecosystems. These changes 

include direct impacts on the lake’s thermal and 

hydrological budgets as well as indirect impacts on 

catchment processes (Fritz & Anderson, 2013). 

Uncertainties remain regarding how weathering, 

microbial activity, vegetation, and soil 

development affect the biochemical cycling of 

carbon, oxygen, nitrogen, iron, and sulfur, given 

that these processes can, in turn, affect the transfer 

of solutes and particulates from the terrestrial 

ecosystem into the lake.  

In this paper, I’m focusing on the role of 

sulfur in glaciated watersheds by analyzing the 

physical and chemical properties of a lake in south-

central Ontario. More specifically, I will use sulfate 

concentrations trends in the lake because it is one 

of the main substances responsible for acidification 

of aquatic ecosystems. Sulfate has been of 

particular concern in eastern North America during 

the last five decades due to its health, biological, 

and economic impacts (Yap et al. 2005). The 

purpose of my investigation is to determine the 

sources and lake response to declining sulfate 

concentrations.  

 

 

2. Methods  
 

2.1 Study site  
 

The study was conducted at Ogilvie Lake in 

Meilleurs Bay, which is located on the south bank 

of the Ottawa River, approximately 10 km west of 

Deep River, Ontario, Canada (46°09'56.2"N 

77°37'20.7"W). The geology of the region is 

characterized by Precambrian bedrock typical of 

the Grenville Province of the Canadian Shield, 

which consists of faulted and fractured monzonitic 

gneiss (Shirokova & Ferris, 2013).  

 This lake was artificially created about a 

hundred years ago with the construction of a dam 

or causeway that caused the flooding of a 

previously existing wetland. This lake is fed by 

spring groundwater at the south end, discharge 

occurs at a culver on the north-west end, and 

approximately half of the water flux is recharged into 

the aquifer system.  

 

2.2. Data Analysis 
 

Ogilvie Lake was surveyed from 2008 to 2019 by 

students of the University of Toronto and Ottawa 

University. The data collected contains the physical and 

chemical properties of the lake, including sonde 

profiling at raft location for depth survey and 

measurement of sulfate concentration at the inlet and 

outlet points of the lake. Mass balances were assessed 

by calculating inflow, outflow, and recharge fluxes 

rates.   

Sulfate data was further compared with 

emissions data from the National Pollutant Release 

Inventory (NPRI) and atmospheric deposition data from 

the Canadian Air Pollution Monitoring Network 

(CAPMoN). Only wet deposition data was considered 

for sulfate mass balances because recent models of 

inferential dry deposition revealed negligible fluxes in 

south-central and north Ontario (Environment and 

Climate Change Canada, 2007).  

 

 

3. Results 

 

3.1.  Lake survey 
 

The physico-chemical characteristics and water mass 

balance of Ogilvie Lake recorded during the study 

period are summarized in Table 1. These results 

Table 1: Physico-chemical characteristics and water 

mass balance at Ogilvie Lake.  

 Average Standard 

Deviation 

Variable 

pH 7.01 0.21 

Conductivity (uS/cm) 62.1 6.36 

Eh (mV)1 398 81.6 

Lake Area (m2) 29748 289 

Lake volume (L) 52 x106 - 

Lake Depth (m) 1.84 0.11 

Water Mass Balance 

Inflow Rate (m3/day) 1322 
 

262 

Outflow Rate (m3/day) 591 132 

Aquifer recharge (m3/day) 685 233 

Water residence time (days) 40 14 
 

       1 Redox potential at surface water  
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determined that the lake is a circumneutral, 

homogenous system with a short water residence 

time. Depth profiling indicates that redox potential 

significantly dropped at the bottom of the lake, 

conceiving reduction conditions.  

 

3.2. Sulfate behavior in the lake and 

relationship with atmospheric deposition and 

source emissions. 

 

Dissolved sulfate concentrations on the lake showed a 

decreasing trend with a 96% total reduction and values 

below the limit of detection over the last three years (See 

Fig. 1a). Similarly, sulfate concentrations near the inlet 

show a decreasing trend with a similar reduction 

percentage (Fig. 1b). However, concentrations near the 

inlet were higher than measurements taken near the 

outlet, indicating that this reservoir acts as a sink for 

sulfate.  

Furthermore, CAPMoN data available from 

2002 to 2016 for wet sulfate deposition at Chalk River 

Laboratories, the nearest station to the study site, also 

shows a decreasing trend over the years with a reduction 

of 72.6% (Fig. 2a). Inlet sulfate concentrations have a 

strong correlation with wet deposition. This correlation 

was statistically significant and yielded a Pearson’s 

coefficient equal to 0.71 (Fig. 2b).  

Finally, the most significant contribution to 

reduced sulfur dioxide emissions in Ontario during the 

study period was the shutdown of the coal power 

generators in 2014. Fig. 3a shows a progressive decrease 

in sulfate emissions before the coal-plants closure. This 

trend strongly correlates to the decreasing trend in 

sulfate concentrations in Ogilvie Lake, yielding a 

statistically significant Pearson’s correlation coefficient 

of 0.88 (Fig. 3b). 

 

3.3. Sulfate mass balance  
 

Simple mass balances of sulfate rates coming in and out 

of the system, including wet deposition data, for 2009 

and 2016, confirm that Ogilvie Lake is a sulfate sink 

with up to 89% of incoming sulfate being retained in the 

system. It also demonstrates that direct wet deposition 

contributes only 0.5% and 2% of the incoming sulfate 

concentrations for 2009 and 2016, respectively (Fig. 4). 

Therefore, the most significant sulfate contributor is 

groundwater discharge into the lake.  

  

   

4. Discussion 

 

 
 

Fig. 2: a) Sulfate wet deposition in mg/L at 

Chalk River Laboratories station (CAPMoN 

data) b) Linear regression between Lake inlet 

sulfate concentrations and wet deposition      p-

value = 0.03,   r= 0.71 
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Fig. 1: Dissolved [SO4

-2] (mg/L) with standard deviations at Ogilvie Lake at a) near outlet and b) near inlet.  
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 Even though oxidizing conditions are present on 

surface water and most of the water column, 

evidence of reducing conditions at the bottom of 

the lake explains the large percentage of sulfate 

being retained in the system. A previous study at 

different groundwater discharge areas near Ogilvie 

Lake exposes different zones of microbial sulfate 

reduction. However, end products such as 

dissolved sulfide or precipitation of iron sulfide 

phases were not detected (Gault et al., 2011).  

Therefore, we can expect sulfide oxidizer bacteria 

to be also present and contributing to the incoming 

sulfate concentrations of the lake. Nevertheless, 

Shirokova & Ferris (2013) found a relatively low 

abundance of phylotypes involved in the 

biochemical cycling of sulfur in the aquifer 

adjacent to Ogilvie Lake. This suggests that the 

aquifer is young and has geochemically immature 

water because microbial biochemical cycling 

develops as a consequence of deglaciation of the 

Canadian Shield.  

 Another alternative source of sulfate is 

indirect atmospheric deposition. Although direct 

atmospheric deposition demonstrated to be 

negligible in the mass balances, it is still possible 

that the aquifer receives, accumulates, and 

transport sulfates into the lake. Sulfates in north-

eastern Canada ecosystems are principally the 

result of sulfate-bearing particles emissions such as 

sulfur dioxide and ammonium sulfate (Yap et al., 

2005).   

Since the 1970s, efforts to reduce sulfur 

emissions have led to major decreases of wet 

deposition thanks to the regulation of pollutant 

emissions at industrial sources. The two primary 

sulfate sources, in both Canada and the United 

States, are industrial sources and electric power 

generation sectors. This decline has been very 

successful in a way that most ecosystems in Canada 

are well below their critical loads (The 

International Joint Commission, 2016). 

 Watersheds respond differently to sulfate 

deposition declines depending on whether they 

have been affected by glaciation (Rice et al., 2014). 

For instance, studies on watershed sulfate 

dynamics expose that glaciated watersheds have a more 

straightforward connection between declining sulfate 

water concentrations and declining sulfate deposition as 

corroborated by the correlation in Fig. 2. This occurs 

because, glaciated watersheds soils are younger, rockier, 

and have lower adsorption potential than their 

unglaciated counterparts (Fritz & Anderson, 2013; Rice 

et al., 2014).  Therefore, don’t retain sulfate ions, and 

much of the sulfate input is released to nearby lakes and 

streams. This suggests that the high incoming sulfate 

rate is the product of recollection of sulfate 

concentrations from a much larger area that is 

transported directly towards the lake. 

 Furthermore, sulfate deposition and emissions 

also have a very straightforward relationship, which 

      
Fig. 4: Sulfate mass balance for 2009 and 2016. The lake system retains up to 89% of the incoming sulfate. 

 

a) 

 
b) 

          

 
Fig. 3: a) Total sulfate emissions from 2008 to 2014 

of Nanticoke and Lambton Power coal-plants (NPRI 

data). b) Linear regression analysis between lake 

sulfate concentrations and total emissions from 

Nanticoke and Lambton coal-plants.  
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allows the determination of the point sources of 

sulfate for the study area. The correlation in Fig. 3 

depicts that the power plants in southern Ontario 

were the primary source emissions of sulfate that 

affected the region around Deep River. These coal-

plants were among the most significant sulfur 

dioxide emitters until they were shut down in 2014. 

Its closure contributed to major reductions of sulfur 

emissions not only in Ontario but in Canada (The 

International Joint Commission, 2016).  

Although this is a milestone in the national 

efforts to address the problem of acid rain in the 

region, transboundary contribution from the U.S. is 

significant to sulfate deposition in southern 

Canada. Vet & Ro (2008) estimated that eastern 

Canada received 28-29% of wet sulfate deposition 

even though it only emitted 8-9% of the total North 

America sulfate emissions. Given that atmospheric 

sulfate can travel up to 1200km away from the 

source and can take up to 58 hours to be removed 

from the atmosphere depending on weather 

conditions (Summers & Fricke, 1989) is possible 

that sulfate at Ogilvie Lake originates at the Mid-

West United States and the Ohio Valley.  

 Nonetheless, Mohapl (2003) showed that a 

geographical gradient distribution of sulfate 

concentrations exists across the province, where 

higher levels were measured at southern sites of 

Ontario by 1-2.5 ug/m3 than in northern sites such 

as Chalk River. Therefore, this information 

supports the idea that most of the sulfate emissions 

responsible for concentrations at Ogilvie Lake are 

attributed to the power coal-plants.  

 

  

5.  Concluding remarks 
 

Ogilvie Lake observed a decrease in sulfate 

concentration over the years, which is attributed to 

the closure of the coal power plants in southern 

Ontario. Even though atmospheric deposition was 

negligible in mass balance analysis, it still 

constituted the main contributor for incoming 

sulfate concentrations, possibly with the 

intervention of the adjacent aquifer. Furthermore, 

the lake was determined to act as a sink for sulfate, 

where there is evidence of sulfate reduction in the 

lake.  
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1. Introduction 
 
Mercury (Hg) is a highly toxic trace metal that 
bioaccumulates in food webs and poses a great 
risk to human and ecological health. (Schroeder 
and Munthe 1998; AMAP 2011). Elevated levels 
of Hg are found in Arctic animals despite being 
far removed from most emission sources. This is 
attributed to the long-range transport of gaseous 
elemental mercury (GEM) to the Arctic by air 
currents paired with the Arctic’s fragile 
environment that is primed for aquatic 
bioaccumulation. Therefore, mercury is a 
contaminant of great concern for Arctic wildlife 
and the Indigenous communities residing in the 
Arctic, who rely on local sources of protein for 
sustenance (AMAP 2011).  
 Alert, Nunavut is located in the Canadian 
Arctic, and previous studies have observed strong 
seasonal trends in atmospheric Hg concentrations, 
signaling to major atmospheric changes occurring 
throughout the year. Following polar sunrise, 
there is a reoccurring springtime phenomenon 
called atmospheric mercury depletion events 
(AMDEs), where a rapid loss of GEM from the 
atmosphere occurs. AMDEs display a close 
correlation with ozone depletion events, and it is 
thought that photochemical reactions involving 
halogen oxides from seawater oxidizes GEM to 
reactive gaseous mercury (RGM). RGM is more 
readily removed from the air and deposited to 
Artic surfaces. Hg in the snow can dissolve in 
meltwater and once in the aquatic ecosystem Hg 
can methylate and bioaccumulate. However, the 
fate of Hg deposited during AMDEs and the 
chemistry of Hg species produced during the 
event is unclear (Steffen et al. 2008).  
 Atmospheric mercury modelling found 
that the largest source of Hg to the Canadian 
Arctic is East Asia followed by Europe, North 
America, and South Asia (Dastoor et al. 2015). 
Transport of Hg from source regions to the Arctic 
mainly occur during winter-spring and are 
influenced by atmospheric circulation patterns and 
weather fronts. In the winter, aerosols and 
contaminants are dominantly transported from 
Russia and Eurasian sources (responsible for 
Arctic Haze) due to the polar front, while East 
Asian sources become important in the spring 
(Fisher et al. 2011). 

 This study aimed to see how the changing 
atmospheric conditions throughout the year affects Hg 
concentration and isotope ratios. To achieve this, I 
have looked at Hg concentrations seasonally in Alert 
between June 2017 and June 2019, and used stable Hg 
isotope analysis as a tool to possibly observe sources 
and chemical transformations of Hg throughout the 
year, especially during AMDEs. With the changing 
climate, Hg pollution is an area of increasing concern, 
and this research hopes to help with better 
understanding the sources, processes, and cycling of 
Hg in the Arctic. A more comprehensive picture of the 
global mercury cycle is needed to better assess and 
prepare for the risks associated with changing 
environmental conditions.  
 
 
2. Methods 
 
2.1 Sample Collection 
 
Samples were collected at the Dr. Neil Trivett Global 
Atmospheric Watch (GAW) Observatory 
(82.516306°N, 62.308483°W) in Alert, Nunavut, 
Canada using passive air samplers (PAS), which is a 
cheap and easy to deploy method of Hg sampling that 
uses sulfur-impregnated activated carbon to sorb 
atmospheric Hg (McLagan et al. 2016). The samplers 
were deployed by Environment and Climate Change 
Canada (ECCC) from June 2017 to June 2019. 
Deployment periods of each set of samplers are 
indicated in column 2 of table 1. Atmospheric GEM 
was collected using a PAS with a  radial diffusive 
barrier (Radiello®), and total gaseous mercury (TGM) 
was collected using a PAS without a diffusive barrier. 
For increased sample reliability, duplicates and blanks 
were deployed.  
 
2.2. Analytical Methods 
 
Hg concentration analysis was done on the sulfur-
impregnated activated carbon using a Hydra-C 
combustion atomic absorption analyzer (CAAS).  

For isotope analysis, matrix purification and 
trapping of samples were done on the CAAS by 
replacing the combustion furnace module’s gold trap 
with an empty trap and connecting the sample outflow 
to a gas sparger. Hg released from the furnace was 
bubbled into an oxidizing trap solution. Trap 
recoveries were measured using a Tekran 2600 cold 
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vapour atomic fluorescence spectrometer 
(CVAFS). A detailed explanation of the method is 
described by Thibodeau et al (2016).  
 Additionally, daily measurements of 
TGM concentrations were collected at the GAW 
Observatory by ECCC using a Tekran mercury 
vapour analyzer, a detailed explanation of the 
method is described by Steffen et al (2002).  

 
 
3. Results 
 

 
Table 1. PAS concentration results. 

Concentrations in column 4 and 6 are raw concentrations 
and those in column 5 have been blank corrected and 

adjusted for sampling duration and  rate, temperature, and 
wind speed. 

 
Passive air sampler concentration data is 
presented in table 1. For convenience, each set of 
samples were labelled with a season which the 
deployment period most covered, with exception 
of the set labelled ‘Annual’ which the deployment 
period covered almost a year. The concentration 
values measured via PAS in this study agrees with 
the average values observed by Steffen et al in 
Alert from 1995-2009 (2015). The GEM 
concentrations measured in Alert are consistent 
with the northern hemisphere background 
concentrations of 1.5-1.7 ng/m3 (AMAP 2011).  

The daily mean TGM measurements 

collected in Alert are shown in fig. 1. There is a sharp 
decrease in Hg concentrations in late-winter/early-
spring, followed by an increase in late-spring which 
gradually returns back to average background 
concentrations and remains relatively constant for the 
majority of fall and winter. A peak is observed in late-
November in both 2017 and 2018.   

The PAS concentrations for the Summer-Fall-
Winter-Spring samples are shown in fig. 2., along with 
an average of the daily mean TGM concentrations 
during the same deployment periods as the PAS 
samples. According to previous studies, GEM should 
make up ~95% of  atmospheric mercury in Alert 
during non-AMDE seasons and ~89% during the 
AMDE season (Steffen et al. 2015). 

 

 
Figure 2. Comparison of Alert GEM concentrations (ng/m3) 

collected via PAS to TGM concentrations (ng/m3) collected via 
Tekran for Summer-Fall-Winter-Spring.  Error bars indicate 1 SD. 

 
Hg has stable isotopes that undergo mass-

dependent fractionation (MDF) and mass-independent 
fractionation (MIF). MDF and MIF signatures and 
isotopic ratios may be used to source trace and 

Season Deployment Period 
(dd-month-yyy

Sampling 
Time 
(Days)

Gaseous Hg 
Concentration 

analyzed from Hydra-C 
CAAS (ng/g) 

[With Radiello®]
(± 1 SD)

Adjusted Gaseous 
Hg 

Concentration 
(ng/m3) 

[With Radiello®]
(± 1 SD)

Gaseous Hg 
Concentration 

analyzed from Hydra-C 
CAAS (ng/g) 

[Without Radiello®]
(± 1 SD)

Summer 02Jun2017-18Oct2017 138 46 (± 4) 1.78 (± 0.14) 112 (± 9)
Fall 18Oct2017-15Jan2018 89 24 (± 2) 1.72 (± 0.14) 57 (± 5)

Annual 15Jan2018-16Nov2018 305 74 (± 6) 1.46 (± 0.12) 272 (± 22)
Winter 16Nov2018-04Mar2019 108 21 (± 2) 1.30 (± 0.10) 71 (± 6)
Spring 04Mar2019-17Jun2019 105 21 (± 2) 1.23 (± 0.10) 54 (± 4)
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Figure 1. Daily mean TGM measurements from continuous measurements on the Tekran in Alert. Thick black lines separates seasons and 

the four shaded intervals indicate the deployment periods of the PASs in this study. Data provided by Geoff Stupple, Environment and 
Climate Change Canada.  
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distinguish between Hg species to better 
understand the transformations and pathways of 
Hg (Bergquist and Blum 2009). Isotope analysis 
on PASs deployed with and without the Radiello® 
in varying locations, including during winter-
spring and summer-fall in Alert, have previously 
been done by Szponar et al (fig. 3.). She found 
that MDF of d202Hg (‰)  between samples 
collected with and without the Radiello® were the 
same in all locations. While the MIF of D199Hg 
(‰) between samples were the same in all 
locations except during winter-spring in Alert 
(Szponar et al., In prep). The sample collected 
without the Radiello® displays a more positive 
MIF than the one collected with the Radiello® 
since RGM has an isotopically heavier MIF than 
GEM.   In another Alert PAS isotope analysis, 
Chandan (2018) found that GEM isotopes 
displayed signatures characteristic of a 
dominantly mixed-background GEM source.  

 

 
Figure 3. Comparison of isotopic values for a) MIF (D199Hg 
(‰)) and b) MDF ( d202Hg (‰)) for PASs collected with and 
without Radiello® at different locations. A difference is seen 

in a) for winter-spring in Alert. (Szponar et al., In prep). 
 

 
4. Discussion 
 
Concentrations of GEM and TGM collected via 
passive air sampling cannot be compared between 
seasons, since the PAS sampling rate without the 
Radiello® is currently unknown. However, from 
the raw concentrations measured from the samples 
(column 4 and 6, table 1), a significant 
concentration difference between samplers with 
and without the Radiello® can be seen. These 
values are consistent with the higher sampling rate 
expected in samplers without the Radiello® and 
the presence of RGM in addition to GEM.    
 The presence of springtime AMDEs can 
be seen in fig. 1., where Hg concentrations steeply 

drop, showing the transformation of GEM to RGM and 
its subsequent scavenging and removal of a large 
portion from the atmosphere. The rise in atmospheric 
Hg in late-spring marks the end of the AMDE (Steffen 
et al. 2008). There is an unexplained peak in late-
November and additional data is needed to determine 
the cause of the peak.  
 Isotope analysis must be done on the samples 
to observe the chemical changes Hg undergoes during 
AMDEs and other transformations Hg may undergo 
during the year. Isotope analysis of the winter and 
spring PAS should display the D199Hg (‰) MIF pattern 
seen by Szponar et al (In prep), to account for the 
increased proportion of RGM during AMDEs. Overall, 
the GEM samples are expected to have isotopic 
signatures of a dominantly mixed-background source.  
 
 
5. Concluding Remarks 
 
Seasonal atmospheric Hg trends were seen through 
daily mean TGM measurements in Alert. There was an 
abrupt decrease of Hg in late-winter/early-spring, 
indicating the presence of AMDEs. There was a peak 
during late-November, which the cause remains 
unknown.  
 The GEM concentration from this analysis was 
consistent with the concentration measured during 
previous studies. However, due to the inconsistent 
deployment intervals of samplers and the short overall 
duration of the study, any seasonal trends from this 
data are inconclusive. For a more comprehensive 
seasonal study, additional seasonal PASs with 
consistent deployment periods have been sent to Alert 
to be deployed.  
 Comparisons between PAS concentrations of 
GEM and TGM were unable to be made due to the 
unknown sampling rate without the Radiello®. Pumped 
sampling is another TGM sampling method with a 
known sampling rate that also uses activated carbon. 
This method should be used in following studies in 
order to compare the GEM and TGM when using PASs 
to measure GEM.   
 Matrix purification and trapping have been 
done for the samples in this study in preparation for 
isotope analysis by the cold vapour multi-collector 
inductively coupled plasma mass spectrometer (CV-
MC-ICPMS). Isotope analysis will provide more 
information of the Hg species present in the sample 
and allow for better seasonal comparisons. A more 
positive MIF value is expected for the winter and 
spring PAS without the Radiello® to account for the 
increased presence of RGM during AMDEs. A 
dominantly mixed-background GEM source isotopic 
signature is expected for the samples. Hg isotope ratios 
have been used to determine source locations of Hg, so 
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there is a possibility that the difference in source 
locations between seasons can be seen through 
isotope analysis of these samples.  
 Overall, isotope analysis and additional 
sampling is needed to make any conclusive 
observations of seasonal trends caused by 
changing atmospheric conditions in Alert.   
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1. Introduction 
 

For many purposes it is crucial to understand the 

underlying geology of an area, for example, for 

mineral exploration, infrastructure development, or 

contamination of groundwater. However, 

sometimes underlying geology is difficult to 

determine when there is no bedrock near surface. 

For these areas, drilling is sometimes required. 

Unfortunately, this is costly and often difficult, 

especially in remote areas, heavily vegetated areas, 

or areas with complex topography. However, soil 

may assimilate the chemistry of the underlying 

geology. Soils are mainly affected by climate, 

living organisms, time, topography, and 

importantly for this study, underlying rock material 

(Weil and Brady 2017).  Specifically, the C 

horizon, the deepest subdivision of the soil profile 

and hence the least weathered, is most likely to 

chemically resemble the underlying bedrock the 

most (Weil and Brady 2017; Bradshaw and 

Thomson 1979). The goal of this study is to explore 

what machine learning techniques are most 

effective at predicting underlying geology based on 

soil sample geochemistry. 

 The area of study is within the Klaza 

Property, a territory in the southwestern Yukon, 

Canada. The region is mostly underlain by igneous 

rock, specifically Mid-Cretaceous granodiorite. 

There are also sets of dykes that cut through the 

geology (AMC Mining Consultants, 2018). From 

this area, more than 11,000 soil samples were 

obtained and analyzed for chemical concentrations 

of 51 elements. 5 geological units had their soils 

sampled through this, but it is important to note the 

sampling was imbalanced, meaning some 

geological units had more samples than others. 

 This study explores the effectiveness of 

machine learning at predicting underlying geologic 

unit using soil sample geochemistry. Machine 

learning is a technique that takes in huge amounts 

of data, runs an algorithm on it that finds patterns, 

and then uses those patterns to make predictions. In 

this case, I put geochemical data from 11,000 soil 

samples through the algorithm, and then predicted 

the underlying geological unit. As mentioned 

previously, our classes are imbalanced and some 

geological units are more represented than others. 

Since algorithms work best with balanced classes, 

I explored multiple sampling methods that can 

create balanced classes from imbalanced ones. 

Furthermore, many types of machine learning 

algorithms exist: those based on spatial closeness, 

spatial farness, statistics, imitating neurons, and several 

others. In this study I ran 10 different algorithms to see 

which type works best identifying underlying geology 

using soil sample geochemistry. I also tested whether a 

multiple classifier system (MCS), an algorithm that 

works by combining the predictions of different 

algorithms, is effective.  

 Machine learning has been applied to similar 

problems, but many questions are left unanswered. One 

project used random forests and clustering to map the 

Central African Copper Belt with accuracies around 

70% (Kuhn et al. 2019). However, this type of project 

has rarely been applied to the property level, as it is here. 

Projects that similarly try to predict underlying geology 

tend to use random forests algorithm variations 

(Carranza and Laborte 2016; Anderson 2019). In 

contrast this study will explore the effectiveness of 

many kinds of algorithms. Finally, no other predictive 

geological mapping study has explored the effectiveness 

of multiple sampling methods for imbalanced classes 

nor the effectiveness of multi classifier systems. 

Through this study I will investigate which machine 

learning methods are effective at predicting underlying 

geology. This could allow for better understanding of 

the subsurface geology when traditional methods may 

not be possible but soil sample analyses are available. 

 

 

2. Methods 
 

2.1 Data obtention and cleaning 
 

Soil samples have been collected from 1986 – 2017 on 

the property. Soil was retrieved between 30-80 cm deep 

using hand-held augers. Collection was done in grids, 

and location was recorded using a hand-held Global 

Positioning System (GPS). These samples were 

analyzed in laboratories using fire assay fusion, atomic 

absorption spectrometry, aqua regia digestion, and 

inductively coupled plasma-atomic emission 

spectrometry. This resulted in the creation of a data base 

containing 11,832 samples with their respective GPS 

location and 51 elemental abundances. 

 I obtained a High-Resolution Digital Elevation 

Model (HRDEM) from Natural Resources Canada, 

which allowed me to create a slope and aspect map of 

the region. I additionally obtained a geologic map from 

a Klaza Property report and digitized the map to create 

vector files for the different geologic units. Using these 

Applying machine learning methods to predict geology using soil sample geochemistry 
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I spatially combined the three sources of data 

creating a data file that includes 11,832 soil 

samples, their chemical abundances for 51 

elements, the slope and aspect at those points, and 

the corresponding geological unit. 

At this stage the data was checked for 

robustness and it was determined that some of the 

data was inadequate and not all of it useable. Data 

collected before 1997 was discarded since 

analytical techniques were older and detection 

limits were different. The data also included some 

duplicates possibly due to improper digitization 

which were removed. For example, samples with 

the same GPS location, with the same sample ID, 

or that were identical were removed. Some 

elements which were rarely reported or had very 

low variance were also removed.  

 

2.2 Machine learning methods 
 

I applied an 80-20 train-test split, which means I 

used a randomly selected 80% of the data to train 

the model, and 20% to test the performance of the 

algorithms. Additionally, I stratified it meaning 

there is equal proportion of imbalanced class 

samples in the training and testing set. The data set 

was scaled and normalized, which increased the 

efficiency of these algorithms. A 5-fold cross 

validation loop was applied on the training set 

which further increased the testing rigor. Finally, 

hyperparameter choice was done via a rigorous 

hyperparameter grid-search. 

As mentioned previously the data set is 

imbalanced so I explored what the best sampling 

method is to turn the imbalanced data set into a 

balanced one before running the algorithms. I 

tested 1) no change in class size but stratified, 2) 

undersampling majority classes, 3) oversampling 

minority classes, 4) oversampling and 

undersampling to an intermediate class size, 5) 

Synthetic Minority Oversampling Technique 

(SMOTE), 6) SMOTE to an intermediate size, 7) 

Adaptive Synthetic Sampling (ADASYN), 8) 

ADASYN to an intermediate size. I ran this code 

with 10 random seeds and evaluated which 

sampling method resulted in the best average F1 

macro score. Note the F1 macro score is a metric 

used to evaluate algorithm performance and 

accuracy in imbalanced class prediction problems. 

SMOTE turned out to be the best, so was used for 

the rest of the study. 

Next, to test which kind of machine 

learning algorithm is best, I ran 10 different 

machine learning algorithms: logistic regression 

(LR), quadratic discriminant analysis (QDA), 

nearest neighbors (NN), linear support-vector 

machine (LSVM), radial basis function support-vector 

machine (RBFSVM), naïve Bayes (NB), artificial 

neural network (ANN), random forest (RF), AdaBoost 

random forest (AB), and gradient boosted random forest 

(GB). These 10 different algorithms perform distinct 

procedures that took the same soil property data base 

and predicted the underlying geology. 

In addition, I tested whether a multi classifier 

system (MCS) could be useful. Multi classifier systems 

ensemble distinct models and form predictions that 

combine results of the independent models. This was 

done by taking the probabilities that the distinct 

algorithms predicted and added them together, and the 

highest probability was the prediction of the MCS. I 

created 8 multi classifier systems as shown in Table 1. I 

then ran the 10 algorithms and the 8 multi classifier 

systems with 10 random seeds to evaluate which 

algorithms performed best based on F1 macro score. 

 

3. Results 
 

Figure 1 shows the performance of the different 

sampling methods. The y-axis shows the average F1 

macro score across all 10 algorithms and 10 random 

seeds, while the x-axis shows the sampling method 

used. It is evident that SMOTE performs the best across 

10 random seeds with an average F1 macro score of 

0.598. 

 
Figure 1: Comparison of the performance of different 

sampling methods. Average F1 macro score was 

applied across all 10 models and 10 random seeds. 

Table 1: Multi classifier systems and the algorithms 

combined to create them. 

Name Algorithms Combined 

MCS2 ANN, GB 

MCS3 ANN, RF, GB 

MCS5 LR, NN, LSVM, ANN, GB 

MCS6 LR, NN, LSVM, RBFSVM, ANN, GB 

MCS7 LR, NN, LSVM, ANN, RF, AB, GB 

MCS8 LR, QDA, NN, LVSM, RBFSVM, NB, 

ANN, GB 

MCS9 LR, QDA, NN, LSVM, RBFSVM, ANN, 

RF, AB, GB 

MCS10 LR, QDA, NN, LSVM, RBFSVM, NB, 

ANN, RF, AB, GB 
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 Figure 2 shows the performance of the 

different machine learning algorithms. The y-axis 

shows the average F1 macro score for the 10 

random seeds, and the x-axis shows the different 

algorithms used. It is clear to see that gradient 

boosted random forests is the best performing 

individual algorithm with an average F1 macro 

score of 0.826 ± 0.020, but the best algorithm 

overall is MCS3 with a score of 0.834 ± 0.018. 

Figure 3 shows a map of the Klaza 

Property. Underlain is the geologic units of the area 

and on top of them, represented as points, the 

predictions of the MCS3 algorithm with random 

seed 95, our best performing scenario with F1 

macro score of 0.858. There is also an inset that 

shows a closer look on the model’s performance on 

a more complex region. 

 

 

4. Discussion 
 

Results from Figure 1 help us identify that SMOTE 

is the best sampling method for this type of 

problem. Synthetic oversampling techniques, 

SMOTE and ADASYN, did better than simply 

oversampling, which provides evidence that 

synthetic oversampling is an effective method. In 

extension, all kinds of intermediate oversampling 

performed poorly compared to the corresponding 

oversampling method. Intermediate oversampling 

is supposed to ameliorate the negative impacts that 

occur when oversampling too much, however, it 

seems that this level of oversampling is more beneficial 

than detrimental. Additionally, we can see there are 

benefits to balancing the imbalanced classes by 

observing the relatively poor performance of the 

stratified, no change method. 

 Results from Figure 2 help us identify that the 

best singular algorithm to use is gradient boosted 

random forests. There is big debate about which 

algorithms work best with major contenders being 

support vector machines, neural networks, and random 

forests. In this case a random forests method worked 

best, and it might be due to the size of the data set, the 

types of features used, and the nature of this kind of 

classification problem.  

 Additionally, we observe that MCS3 is the 

overall algorithm that performs best. This suggests that 

multi classifier systems are effective. The best MCS 

took the 3 best performing algorithms and combined 

them. The reason for higher prediction accuracy could 

be that the random forests methods and the neural 

network are good at predicting different kinds of 

samples, and through working together they can do a 

better job at predicting overall. In contrast, MCSs that 

took poorly performing algorithms did not perform as 

well because they were taking in bad predictions, 

bringing the MCS down. 

Observing Figure 3, we can see that the model 

performed well for all classes through a map 

representation. Samples far from boundaries, as well as 

samples near simple boundaries with only 2 geologic 

units nearby tend to be well predicted. Areas where 3 

geologic units interact tend to be predicted more poorly, 

as seen in the inset of the map. Here boundaries follow 

 
Figure 2: Comparison of the performance of 10 algorithms and 8 multi classifier systems. Error bars represent 

the standard deviation after rerunning using 10 random seeds.  
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odd geometries and different units are very close in 

proximity, so soils can interact with each other 

more which may cause them to be harder to predict. 

  

 

5.  Concluding remarks 
 

Through this study I analyze the effectiveness of 

multiple machine learning models on predicting 

underlying geology using soil properties. I 

conclude that machine learning can be an effective 

tool and my best model, MCS3, has an F1 macro 

score of 0.834 ± 0.018. For this type of problem, 

evidence suggests that SMOTE is the most 

effective sampling tool for imbalanced classes. 

Additionally, it finds that gradient boosted random 

forests is the best performing individual algorithm, 

and an MCS involving artificial neural networks, 

random forests, and gradient boosted random 

forests is the best technique overall. This 

information could be useful for the better 

understanding of underlying geology when soil 

samples are available. 

 Future projects could explore the 

effectiveness of using unsupervised learning to 

create more features for the model. Additionally, 

they could explore more complex multi classifier 

systems where probabilities are further run through 

a machine learning algorithm. It would also be 

interesting to test these methods on other areas that 

don’t only have igneous rocks.  
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1. Introduction 

 
Mercury (Hg) is a toxic metal with few natural 

sources, whose emission rates have been 

overtaken by anthropogenic sources (Fitzgerald 

and Lamborg 2013). In terrestrial systems Hg 

emitted by these sources to the atmosphere are 

taken up by plants through their leaves, and 

eventually deposited into the soils as litterfall 

(Demers et al. 2013). Soils are the largest 

terrestrial sink of Hg, and act as a source to 

aquatic systems (Fitzgerald and Lamborg 2013). 

Mercury concentrations, and, more recently, 

isotopes, in plants and soil are often used to 

identify Hg sources. Models have been used to 

determine the effects of environmental parameters 

(latitude, elevation, precipitation, soil carbon 

content) on isotope ratios in the soil (Zheng et al. 

2016). As litterfall is the major depositional 

pathway into soils, the impact of uptake of plants 

on isotopic composition needs to be understood to 

make models more accurate. Differences between 

plant species in uptake of Hg have also not been 

considered. This study examines the atmosphere-

plant pathway more closely to determine the 

effect plants have on the isotopic composition of 

Hg entering soils, and if different plant species 

have different effects. 

Mercury exists in three different forms in 

the atmosphere as gaseous elemental mercury 

(GEM), reactive gaseous mercury (RGM) and 

particulate mercury (Hg(p)). GEM is relatively 

unreactive and makes up more than 90% of Hg in 

the atmosphere and has a residence time of around 

1 year (Fitzgerald and Lamborg 2013). RGM is a 

gas formed by Hg+ and Hg2+ in the atmosphere 

and has a much shorter residence time than GEM, 

and therefore is only spread regionally. Hg(P) is 

RGM that adheres to aerosols and is deposited by 

precipitation on local scales (Fitzgerald and 

Lamborg 2013). In addition to primary emission 

sources of Hg (natural and anthropogenic) that 

enter the Hg cycle, secondary emissions (the 

emission of Hg back into the atmosphere after 

being deposited in the soils and the oceans) can 

also enter the Hg cycle (Fitzgerald and Lamborg 

2013). The source of Hg to a system can be 

determined by comparing the isotopic ratios in the 

system with the sources. RGM and GEM have 

different isotopic signatures (Bergquist and Blum 

2009), and thus Hg isotopes can determine the ratio of 

RGM and GEM in plants and soils. 

Until recently, RGM uptake by plants was 

considered the major pathway of Hg to terrestrial 

ecosystems (Fitzgerald and Lamborg 2013). By using 

stable isotope ratios, it was found that approximately 

60-80% of Hg deposition to terrestrial ecosystems is 

plant uptake of GEM and subsequent litterfall (Demers 

et al. 2013, Obrist et al. 2016, Zheng et al. 2016). This 

is thought to be because the majority of Hg uptake is 

through leaf stomata (Rutter et al. 2011, Demers et al. 

2013), which plants use to take in carbon dioxide for 

use in photosynthesis. Modelling of the Hg cycle uses 

RGM and GEM ratios in soils to determine the effects 

that environmental parameters such as elevation, 

precipitation, and temperature have on which kinds of 

atmospheric Hg get deposited into the soil (Zheng et al. 

2016). These models must consider the fractionation 

during uptake by plants, which is preserved in leaf 

litter. This study aims to corroborate these studies by 

exploring the atmosphere-plant pathway in terrestrial 

ecosystems to better establish the fractionation of Hg 

isotopes during uptake by plants. 

 

 

2. Methods 

 
Tomato (Solanum lycopersicum), mint (Mentha 

spicata), and lantana (Lantana) plants were bought as 

seedlings and placed on the roof of the University of 

Toronto Earth Sciences Building, in Toronto, Ontario 

during the summer of 2018 for four months, retrieved 

on August 18th, 2018. Plant leaves were cut and freeze-

dried. The freeze-dried leaves were then ground to a 

powder using a coffee grinder. These plant leaves were 

double bagged and stored in a freezer prior to analysis. 

Around the same time as the plants were in 

growth, passive air samplers (PAS) and active pumped 

sampler (APS) which sample GEM and TGM 

respectively were deployed from July 17th to 

September 18th, 2018. PAS capture GEM in air 

thorough a diffusion barrier and sorption onto a sulfur-

impregnated activated carbon sorbent (McLagan et al. 

2016). APS collect TGM in air by pumping air through 

a trap containing the same carbon sorbent as the PAS. 

After the sampling period PAS and APS samples were 

retrieved, sealed in designated containers and double 

bagged during storage. 
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A Hydra II combustion Hg analyzer 

(Hydra C) was used to establish Hg 

concentrations for each sample. Samples were 

combusted, then Hg was measured by gold 

amalgamation and cold vapor atomic absorption 

analysis. The Hydra C was then used to trap the 

Hg in the samples in a 0.21% potassium 

permanganate solution. All reagents used were 

analytical grade and all vessels used were washed 

with 10% technical grade HCl, 10% BrCl, and 

rinsed with ultra-pure water. Traps were tested for 

recovery using a Tekran 2600 cold vapor atomic 

fluorescence spectrometer. NIST1575-a pine 

needle standard was also trapped along with 

samples to ensure that the method did not impact 

Hg isotopic composition. Traps had recoveries 

from 85%-93%. The trapped Hg will be analyzed 

for stable Hg isotopes in a Neptune Series High 

Resolution Multicollector ICP-MS. Instrumental 

mass bias will be corrected using sample standard 

bracketing. 

Mercury has seven measurable stable 

isotopes that can undergo both mass dependent 

(MDF) and mass independent fractionation (MIF) 

(Bergquist and Blum 2009). In this study, 

measurement of Δ199Hg to represent MIF and 

δ202Hg to represent MDF were used. 

To determine the fraction of GEM and 

RGM taken up by the rooftop plants, a two-

member mass balance equation was used (Fig. 1). 

In this report, North American foliage values from 

the literature (Demers et al. 2013, Zheng et al. 

2016) are used in place of my rooftop data, as 

isotope composition for the rooftop samples was 

not measured due to time constraints. 

 

 

3. Results 

 
Concentrations for the vegetation samples varied 

from 21.8 ng/g Hg to 32.6 ng/g Hg. Mint had the 

lowest concentration, with an average of 28.8 ng/g 

Hg, and the lantana and tomato plant had the 

highest concentrations within the rooftop species. 

These concentrations were within the ranges of 

other North American foliage in literature (Demers et 

al. 2013, Zheng et al. 2016).Concentrations of the 

atmospheric GEM collected by PAS, was 1.75 ng/m3 

(Szponar et al. in prep). The concentrations of 

atmospheric TGM collected by the APS was 1.61 

ng/m3 (Szponar et al., in prep). The concentrations 

collected by the PAS and APS were within range of 

each other. Average concentration of rooftop samples, 

as well as literature foliage concentrations, are plotted 

in Figure 2. Published RGM values for Ontario region 

were taken from Chen et al. (2012), where 

precipitation samples in Peterborough, Ontario were 

collected in the summer of 2010, from May to August. 

The concentrations in precipitation ranged from 4.35 

Figure 1: Two-member mass-balance equation used to 

determine the fraction of RGM and GEM taken up by plants. 

Figure 1 : Concentrations of rooftop vegetation samples. Error bars are 2 

standard deviations. Other North American foliage concentration data taken 

from Demers et al. (2013) and Zheng et al. (2016). 

Figure 3: Plots of Δ199Hg (MIF) versus δ202Hg (MDF) of rooftop PAS and 

APS samples (Szponar et al. in prep), RGM (precipitation) samples from 

Chen et al. (2012), and foliage data from Demers et al. (2013) and Zheng et 

al. (2016). Error bars represent 2 standard deviations. Green box shows 

range where rooftop samples are expected to be, and the grey box shows 

potential range of precipitation values. 
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ng/L to 10.39 ng/L.  
 The PAS showed a Δ199Hg of -0.11‰, 

and a δ202Hg of -0.05‰. The APS showed a 

Δ199Hg of 0.09‰ and a δ202Hg of -0.05‰. The 

precipitation samples from Chen et al. 2012 show 

Δ199Hg ranging from 0.32‰ to 1.13‰, and δ202Hg 

ranging from -0.55‰ to -1.59‰. Due to time 

constraints, isotope analysis was not done for the 

rooftop vegetation samples. To estimate the 

isotopic data for the rooftop vegetation, North 

American foliage data was taken from Demers et 

al. 2013, specifically the upper canopy foliage 

values, and Zheng et al. 2016. The range of Hg 

isotope for foliage data from Demers et al. was -

0.4 to -0.27 Δ199Hg (‰) and -2.08 to -1.87 δ202Hg 

(‰).  The range for Zheng et al. was -0.47 to -

0.06 Δ199Hg (‰) and -2.67 to -2.08 δ202Hg (‰). 

All Δ199Hg and δ202Hg values are plotted in Figure 

3. 

 

 

4. Discussion 
 

Mint has a significantly lower concentration than 

the tomato or lantana plants. However, Hg 

concentrations of the rooftop vegetation are 

comparable with North American values from 

Zheng et al (2016) and Demers et al. (2013) (Fig. 

2). Reported values for foliage show slight 

negative MIF and a large negative MDF relative 

to background atmospheric GEM (Demers et al. 

2013, Zheng et al. 2016). The large negative MDF 

observed in foliage occurs during stomatal uptake, 

which is to be expected as lighter isotopes are 

taken in by the plant and heavier Hg isotopes are 

left in the atmosphere. The slight negative MIF 

observed in foliage is possibly due to 

photoreduction after uptake through stomata 

(Demers et al. 2013). The rooftop vegetation 

samples in this study are expected to have similar 

isotopic makeup to the foliage in these studies. 

There does not appear to be a significant 

difference between the PAS and APS samples, 

with δ202Hg showing the most variability for both. 

The PAS shows a slight negative δ202Hg and 

Δ199Hg from the APS, but the difference is not 

significant. 

Plants serve as an intermediary for GEM 

and RGM entering soils, causing fractionation 

before entering the soil. This study aims to 

improve on previous research to better quantify 

this offset and examine the potential differences in 

fractionation between plant species. By using co-

located atmospheric samplers and plant samples, 

the resulting fractionation is more accurate. Using 

three different species in triplicate allows for a 

better understanding of the variation of fractionation 

between and within species. Growing the plants from 

seedling means that the Hg within the leaves has been 

taken in for the duration of this experiment. The 

fractionation during uptake by vegetation is primarily 

on GEM taken in through stomata (Rutter et al. 2011, 

Demers et al. 2013). Using the PAS to only collect 

GEM data allows for more precise analysis of the 

fractionation. 

To estimate the fRGM and fGEM for the rooftop samples 

in this study, the equation from Figure 1 will be used. 

The average value for Δ199Hgplant of foliage from 

Demers et al. (2013) was inputted into this equation, 

along with the APS and PAS from Szponar et al. (in 

prep) for Δ199HgRGM and Δ199HgGEM respectively. The 

resulting fRGM was -0.26 and the fGEM was 1.26. If the 

rooftop samples have a similar isotopic composition, it 

would indicate that there is a majority of GEM taken 

by the plants as well as negative MIF (at least -0.1‰) 

occurring within the plant, which drives the Δ199Hgplant 

lower than the range between Δ199HgRGM and 

Δ199HgGEM. 

Zheng et al. (2016) use a three end-member mixing 

model to determine the proportions of GEM, RGM, 

and geogenic Hg that enter soils using MIF (Δ199Hg). 

When they estimated the MIF of GEM in the soil, MIF 

during uptake by foliage was estimated at around -0.1 

to -0.2 ‰, a value taken from Demers et al. (2013). 

With isotopic analysis of the rooftop samples in this 

study, this MIF during uptake by foliage will be better 

understood. Differences in the MIF between species 

would mean that the species within a forest may have 

to be considered when creating models for the 

deposition of Hg into soils. 

 

 

5. Conclusion 
 

The Hg cycle in forested ecosystems is complex and 

still poorly understood. Soils are the largest terrestrial 

sink of Hg, and a major source to aquatic systems 

(where it enters the biota and biomagnifies), and 

litterfall is the primary pathway of atmospheric Hg into 

soils. Modeling has provided many insights into 

environmental parameters that affect Hg deposition 

into soils, but there are many caveats to previous 

studies. By focusing on different species grown in a 

semi-controlled environment and using co-located 

atmospheric sampling, this study will clarify the offset 

caused by MIF of GEM. Future studies will be 

expanded to field sites near point sources of Hg, such 

as gold mines and volcanoes, which will assist in 

understanding the effect that point sources have on Hg 

deposition into the soils. 
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1. Introduction 
 

A large challenge facing global 

anthropogenic climate change is lowering internal 

city temperatures in efficient and cost-effective 

ways. This challenge is known as an urban heat 

island effect (UHI) and occurs when urban 

infrastructure like glass, concrete, and asphalt 

retain energy and raise the average temperature 

within the city to abnormal levels compared to 

that outside the city (Imhoff et al. 2010). UHIs 

actively increase the cost of interior cooling 

(Arifwidodo and Chandrasiri 2015) but also 

implicate  severe consequences for human health, 

such as shaping large weather events, driving 

humidity up and fostering atmosphere for 

infectious disease, and perpetuate the effects of air 

pollution (Shahmohamadi et al. 2011). 

A handful of solutions for the UHI effect 

is retrofitting rooftops so they reflect solar 

radiation back to space. This is done through 

either a cool roof (making the rooftop white 

through paint or overlain material) or a green roof 

(Li et al. 2014), the latter which involves plants, 

irrigation, and soil that must not exceed the 

rooftops maximum load-bearing weight. A light 

weight, low-density soil additive known as 

biochar has been implemented in green roof 

experiments and is a positive solution to the load-

bearing problem. Unfortunately, biochar is black 

and therefore has significantly lower albedo than 

cool roofs. However, in the field, biochar will 

improve plant growth and cancel this albedo 

effect (Meyer et al. 2012). Can this cancellation 

within the field transfer to biochar-amended green 

roof substrates within an urban heat island?  

 

 

2. Methods 
 

2.1. Field Site 

 
Albedo experimentation took place in the 

Green Roof Infrastructure Small Scale Testing 

Lab (GRISSTL) on the roof of the Earth Science 

Building, University of Toronto. Even though 

there are several tall buildings within a 3-block 

radius of the site, none cast a shadow onto the 

study site. GRISSTL is exposed to natural daily 

climate (temperature and precipitation) and 

sunlight.  

 

2.2. Field Experiments 
 

This albedo experiment was added onto 

already established experiments ongoing in GRISSTL 

pertaining to green roof water efficiency and 

percolation, seed germination, wind erosion, and more. 

Albedo was taken over six treatment types involving 

two different seed treatments, two different biochar 

treatments, and a biochar with emulsified pine resin (as 

an erosion mitigation) treatment. Due to the native seed 

treatment being planted late July of 2019, there is 

minimal germination and growth from when albedo 

measurements were taken. Therefore, the native seed 

treatment will be taken as a plant-coverless control. 

Each table contains a randomized placement of 

8 treatment combinations. Each combination was in a 

tray approximately 40 cm in width, 60cm long, and 9 

cm deep. Each table had 8 trays; there were 7 tables in 

total.  

 

2.3. Albedometer design 
 

Silicon (Si) photocell-based pyranometers 

from HOBO (Onset Computer) were fixed to a clear 

plastic plate; one pointing up, and the other pointing 

180° down. The spectral range of the pyranometers 

was 300-1100 nm, with a measurement range of 0 - 

1280 Wm-2. HOBO's Si-based pyranometers had 

shown near identical (linear regression R2 = 0.985) 
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Image: Table 6 in GRISSTL with all 8 trays interlocked. 

The foremost two trays contain pelletized biochar; the 

tray on the right has S. album growing 
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readings next to a thermopile-based pyranometer, 

CNR1, when deployed long-term at the Elora 

Research Station in Guelph, Ontario (Halim and 

Thomas, 2019). This means manual spot-

measurements with HOBO's Si-based 

pyranometers were more than efficient for 

capturing albedo data.  

 We determined the outgoing pyranometer 

had to be approximately 3.5 cm away from the 

tray by using an equation from Wang et al. (2019) 

involving areal footprint and field of view. By 

taking measurements at this approximate height 

the pyranometer footprint covered a circular area 

of 1260 cm total.  

 HOBO's Si-based pyranometers were 

fixed to a clear plate, which was fixed to a 

wooden stake roughly 2' in length. Approximately 

20 cm from the down-facing pyranometer, a long 

nail was attached to the stake such that the bottom 

pyranometer was 3.5 cm from the tray. Above the 

nail was a leveler to ensure the pyranometer 

footprint would not tilt during measurements. 

2.4. Data collection 

 
Albedo measurements were taken in the 

fall of 2019 between peak sun: 10am and 2pm. 

Each tray of the table would be measured for 

simultaneous incoming and outgoing solar 

radiation at least 5 times over 15-30 seconds. 

Occasionally, measurements could increase in 

count and time if the incoming and outgoing 

radiation values were especially inconsistent (as is 

the case with thick cloud cover). The order of 

what table comes next was random, but all trays 

on a given table were completed linearlly before 

moving on to the next table. 

 

 

 

 

3. Results 

 

3.1 Analysis  

 
 Increasing variance for increasing albedo 

values became apparent, so all data was fit to a logistic 

regression in R. Two models were designed looking at 

Albedo as depending on a covariance of Treatment 

(such as BF, T, TE, C) and plant cover (an external 

dataset collected in September) - one model focused on 

native seed treatment, the other focused on the S. 

album treatment.  

  Both models were analyzed for deviance using 

R package "car", function 'Anova'. 

From Table 1A we see great significance with 

biochar treatment (<2.2e-16) and plant cover (1.109e-

13) as affecting albedo separately, but covariant 

biochar treatment interacting with plant cover is only 

in the margins of significance (0.061). This is likely 

due to the lack of plant cover over the trays within the 

control groups. 

 From Table 1B there is great significance 

between biochar treatment (0.004), plant cover (0.001), 

and biochar treatment interacting with plant cover 

(0.021) as it affects albedo. This means that not only is 

albedo being affected by the biochar treatment alone, 

or the presence of S. album alone, but the interaction 

between biochar treatment and plant cover is affecting 

albedo as well. 
 

3.2. Figures 

 
From Figure 2A we see low albedo values of 

all treatments. BF, the pelletized biochar, is 

particularly low compared to other treatments. TE is 

slightly higher than T, the qualitative difference being 

the emulsified pine resin, Entac, spread over TE. Entac 

was applied as a wind erosion prevention treatment. 

 

 Chisq Df Pr(>Chisq) Sig. 

Treatment 98.8116 3 <2.2e-16 *** 

Plant cover 55.1641 1 1.109e-13 *** 

Trtmt:Plcvr 7.3552 3 0.0614 - 

 Chisq Df Pr(>Chisq) Sig. 

Treatment 13.3319 3 0.0039712 ** 

Plant cover 11.8249 1 0.0005844 *** 

Trtmt:Plcvr 9.7697 3 0.0206284 * 

 

Image: Albedometer with two HOBO Shuttles 

sitting on tray T3 in GRISSTL. White leveler has 

been fixed to ensure accurate footprint was being 

captured every time.  

Table 1A: Analysis of Deviance using 

Albedo ~ treatment*plant cover of control group 

Table 1B: Analysis of Deviance using  

Albedo ~ treatment*plant cover of sedum group 
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 From Figure 2B, BF has increased albedo 

by 0.10 - which means it is reflecting 300% more 

short wave radiation with S. album cover crop 

than no cover crop. It is also worth noting that 

with a cover crop, treatments T and TE are 

exhibiting similar albedo levels than that from 

figure 2A. Overall, all treatments with S. album 

display a clear increase in albedo than the 

treatments with no cover crop.  

 

4. Discussion 
 

Though the results clearly display a 

significantly lower albedo with non-plant covered 

biochar, the presence of sedums (S. album) 

increase albedo of BF treatment by 300%. This means 

three times the amount of shortwave radiation is 

reflected by S. album than no sedum presence, and less 

radiation being absorbed and potentially re-emitted as 

long wave radiation, or latent heat.  

Jim and He (2010) examined different 

vegetation cover as they effect water absorption and 

thermal conductivity in different microclimatic regime. 

As evaporation is the major cause of latent heat 

emission, increase of moisture retention directly 

correlates with soil depth and efficiency of water 

retention. Biochar, being very porous, has large water 

retention abilities (Laird et al. 2010). However, Liu et 

al. (2018) discovered biochar can enact either positive 

or negative effect on thermal conductivity; the meso- 

and macro- porosity maintains trapped air between soil 

particles, and therefore increasing biochar continues to 

increase porosity and conducts heat poorly (as seen in 

Usowics  et al. 2016). Alternatively, biochar quantity 

can positively correlate with thermal conductivity 

through water retention properties, but only if large 

quantities of water can integrate within all the meso- 

and macro-porous spaces (Liu et al. 2018).  

Along with having water retention properties, 

which can prolong the maintenance of biochar-

amended green roof systems, biochar has shown to be 

able to filter common contaminants found in urban 

storm water (Reddy et al. 2014). Reddy et al. (2014) 

found biochar effectively removed over 60% of total 

suspended solids (TSS), nitrate, total phosphorus (TP), 

lead, and copper from contaminated water. This leaves 

huge implications for maintaining biochar-amended 

soils with alternative water sources, though 

experiments involving effective plant growth within 

contaminated biochar soils as it pertains to green roof 

media have yet to be performed. Should beneficial 

outcomes arise, the choice between cool roofs and 

biochar-amended green roofs is clear if biochar has: 

better water retention and, therefore, less maintenance 

required; potential thermal conductivity enhancement 

or hinderance (which could be beneficial depending on 

the climate the green roof is implemented in); and 

effective filtering of heavy contaminants found in 

urban run off water.  

 

5.  Concluding remarks 
 

 Mitigating the UHI effect comes with more 

challenges than besting albedo, as increasing 

centralized temperatures perpetuate pollution, drive 

larger, more intense natural storms, and create a home 

for infectious disease. Biochar-amended soils, while 

low in albedo and questionable in thermal 

conductivity, carry larger implications in mitigating 

UHI effect through contamination filtration and water 

retention.  

  

Figure 2A: Albedo of biochar with no seed 

cover 

Figure 2B: Albedo of biochar with S. 

album (sedum) crop cover 
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